We demonstrate ultrafast optical switching of the transmission of terahertz radiation through a metal grating with subwavelength holes. By fabricating the grating on a semiconductor silicon substrate, we are able to control the grating transmission intensity by varying the photodoping level of the silicon and thereby the resonant coupling to the metal grating. As such, we are able to switch the transmission on picosecond time scales with low visible light intensities, observing a factor of 2-5 improvement in photomodulation efficiency at resonance wavelengths over a bare silicon surface.
Ultrafast optical switching of the THz transmission through metallic subwavelength hole arrays
We demonstrate ultrafast optical switching of the transmission of terahertz radiation through a metal grating with subwavelength holes. By fabricating the grating on a semiconductor silicon substrate, we are able to control the grating transmission intensity by varying the photodoping level of the silicon and thereby the resonant coupling to the metal grating. As such, we are able to switch the transmission on picosecond time scales with low visible light intensities, observing a factor of 2-5 improvement in photomodulation efficiency at resonance wavelengths over a bare silicon surface. 
I. INTRODUCTION
Thin metal films with a two-dimensional periodic array of subwavelength holes can exhibit anomalously high transmission at certain wavelengths above the cutoff for the apertures. 1 This effect has been described in terms of surface waves, such as surface-plasmon polaritons, generated through scattering from the periodic grating, which can propagate along the surface between apertures. The excitation of surface waves lead to a field enhancement at the metal-dielectric interface and a large transmission through subwavelength apertures at distinct wavelengths associated with the geometrical distance in-between apertures. The highly frequency-dependent transmission, as well as the localized electric-field strengths at the metal interface, means that hole arrays are finding applications in visible spectroscopy, 2 subwavelength optics, 3 nonlinear optics, 4 and photolithography. 5 The recent observation of enhanced transmission of THz ͑Refs. 6-9͒ and microwave 10,11 radiation through metallic arrays of subwavelength apertures has renewed the debate about the physical origin of this phenomenon. Surface-plasmon polaritons are not supported by flat metallic surfaces at low frequencies due to the negligible skin depth of metals at these frequencies. However, it has been proposed that the penetration of the electromagnetic field into the holes leads to a larger effective skin depth and the excitation of spoof surface-plasmon polaritons. 12 Alternative explanations for the extraordinary transmission in terms of dynamical diffraction theory ͑involving diffracted surface waves͒ have also been proposed. [13] [14] [15] [16] At terahertz ͑THz͒ frequencies, there is more scope for switching transmission, which is of particular significance for high bandwidth and time-resolved applications. Enhanced transmission through semiconductor [17] [18] [19] hole arrays has recently been reported in the THz frequency regime. Rivas et al. 20 have recently demonstrated thermal switching of THz transmission by modifying with temperature the density of free carriers in a silicon array, while Pan et al. 21 demonstrated magnetic switching by using a nematic liquid crystal in a metal array. Switching has also been demonstrated by utilizing the metal-insulator transition in vanadium oxide hole arrays. 22 Optical control of THz transmission has been demonstrated for a semiconductor hole array, 23 where photoexcitation using a high repetition rate pulsed laser source resulted in a steady buildup of surface charge densities and presumably a modification of surface modes. All of these control techniques are, however, inapplicable when fast switching is required.
In this paper, we present measurements and modeling of THz transmission through periodic arrays of subwavelength holes in thin gold films on silicon. Sharp resonances are observed in the transmission spectra at wavelengths related to the array dimensions. By fabricating the metal array on a semiconductor substrate, we are able to finely control the resonant transmission intensities of the grating through above band-gap photoexcitation of the semiconductor substrate. It is shown that the transmission can be switched on picosecond time scales with low intensities of visible light.
II. EXPERIMENTAL PROCEDURE
The samples are fabricated by contact lithography on a 1-mm-thick wafer of silicon, followed by the evaporation of a film of 200 nm of gold and a lift-off process to generate the array of holes. Figure 1͑a͒ shows an optical microscope image of our sample: it consists of a gold layer with square holes ͑length a =38 m with lattice spacing L = 100 m͒. While a homogeneous gold layer of 200 nm is completely opaque to THz radiation, the silicon wafer substrate exhibits around 50% transmission.
We measure the zero-order transmission of the grating using a time domain THz spectrometer. 24 The incident THz pulses are essentially single cycle electromagnetic pulses of about 1 ps duration and peak field strength of ϳ1 kV/cm when focused for detection. The time-dependent field strengths at normal incidence are detected directly in the far field, with and without the sample ͓E͑t͒ and E 0 ͑t͒, respectively-see inset of Fig. 1͑b͒ , measured using a collimated beam with a beam diameter ϳ8 mm͔. The spectrometer is flushed with dry nitrogen gas to prevent absorption by water vapor. By Fourier transforming the time wave forms, the intensity transmission spectrum I͑͒ = ͉E͉͑͒ 2 / ͉E 0 ͉͑͒ 2 is calculated-plotted in Fig. 1͑b͒ as a function of wavelength . The spectral resolution of Fig. 1͑b͒ is 66 GHz ͑or 18 m at 300 m͒, corresponding to a time window of 15 ps, limited by reflections within the silicon wafer. We observe reso-nances in Fig. 1͑b͒ at ϳ 100 m ͑at the very edge of the measured spectral region͒ and 150, 170, 250, and 350 m.
III. RESULTS AND DISCUSSION
The wavelengths of resonant surface waves on a grating interface, excited under normal incidence, are approximately given by 3
dependent on i and j, the integer mode indices, and on the dielectric functions of the dielectric ͑ d ͒ and metal ͑ m ͒ at the interfaces. For our gratings, Eq. ͑1͒ has two sets of solutions: for the air-gold interface ͑ d = air , m = gold ͒ and for the gold-silicon interface ͑ m = gold , d = Si ͒. At THz frequencies, ͉ gold ͉ ӷ air = 1 and Si = 11.9. The arrows in Fig.  1͑b͒ ͑in order of increasing wavelength͒ represent the ͑i =1, j =0͒ mode for the air-gold interface, and the ͑2,1͒, ͑2,0͒, ͑1,1͒, and ͑1,0͒ modes for the gold-silicon interface. All of the transmission resonances in Fig. 1͑b͒ are at wavelengths significantly larger than the cutoff wavelength ͓ϳ76 m for square holes with a =38 m ͑Ref. 12͔͒, so the transmission of a single hole should be very small. Despite this, the ͑1,1͒ and ͑1,0͒ modes for the silicon interface, in particular, give rise to large peaks in our transmission spectrum at 250 and 350 m, respectively, similar to previous reports of THz transmission through metal hole arrays. [6] [7] [8] We can optically modify the THz dielectric function of the silicon with above band-gap photoexcitation ͓indirect gap of ϳ1.1 eV, direct gap of ϳ3.2 eV ͑Ref. 25͔͒ of free charge carriers. This photoexcitation is achieved using either 1.5 or 3.1 eV photons in single shot, 150 fs laser pulses, which permits switching on ultrafast time scales. To allow spatial overlap of the THz light with the excitation pulses, we weakly focus the THz pulses onto the sample using parabolic mirrors ͑focal length of 6 cm, numerical aperture of 0.18͒ resulting in a beam waist of ϳ1.8 mm in diameter, allowing the simultaneous illumination of ϳ300 holes. Note that, in this configuration, the transmission peaks are somewhat broadened as a result of the distribution of incident wave vectors, as will be detailed in a later contribution.
Figures 2͑a͒ and 2͑b͒ show transmission spectra 10 ps
FIG. 2.
͑Color online͒ ͑a͒ Transmission spectra measured 10 ps after photoexcitation of the back interface of the grating using 3.1 eV photon pulses. ͑b͒ Transmission after excitation of the front interface. ͑c͒ Dots indicate the absolute transmission at the ͑1,0͒ peak at = 346 m after photoexciting the front ͑filled͒ and back ͑non-filled͒ interfaces. The dotted and solid lines are for photoexcitation of the hole array and bare silicon surfaces, respectively. ͑d͒ Comparison between excitation of the front interface with 1.5 eV photons and 3.1 eV photons.
after excitation with 3.1 eV photons of the back and front interfaces of the sample, respectively ͓as defined in the inset of Fig. 2͑c͔͒ . The penetration depth of 3.1 eV light ͓ϳ125 nm ͑Ref. 25͔͒ is significantly smaller than the thickness of the silicon ͑1 mm͒. Photoexcitation thus introduces a very thin, partially conducting layer essentially at the surface of the silicon. Photoexcitation of the back interface decreases the intensity of the THz pulse that has already passed through the ͑unmodified͒ hole array by regulating the freecarrier absorption in the photoexcited layer. Accordingly, photoexcitation of the back interface does not alter the spectral profile of the transmitted pulse ͓Fig. 2͑a͔͒, and substantial intensities at 3.1 eV are required for a significant drop in transmission at THz frequencies.
In contrast, photoexcitation of the front side ͓Fig. 2͑b͔͒ results not only in a substantially stronger photomodulation of the transmission; the spectral response is also modified ͑i.e., there is a spectral shift of the transmission peaks͒. For a relatively weak fluence of 0.1 J / m 2 , excitation of the front interface reduces the transmission at resonance by 80%, whereas for excitation of the back interface, transmission is only reduced by 20%. This difference is highlighted in Fig.  2͑c͒ , where the dots indicate the absolute transmission at the ͑1,0͒ peak after photoexciting the front and back interfaces. The trend in the data points for front excitation is clearly very different and can be fairly well reproduced by the model introduced in the next section. The transmission changes on photoexcitation also have a strong dependence on the spatial distribution of photoelectrons within the silicon surface layer at the gold interface, which is tunable through the wavelength of the excitation pulses: the transmission after front excitation by 3.1 and 1.5 eV photons ͑0.1 J / m 2 ͒ is compared in Fig. 2͑d͒ . With 1.5 eV photons we excite well below the direct band gap of silicon, resulting in a significantly larger penetration depth of the light ͓ϳ1 m at 300 K ͑Ref. 25͔͒, reducing the electron density ͑and conductivity͒ of the silicon at the hole array interface and reducing the photomodulation of transmission.
IV. MODELING
Upon photoexcitation of the front of the sample, the silicon regions near the holes in the gold layer are made conducting. This will have two effects: ͑1͒ reducing the aperture scattering efficiency and the initial coupling to surface modes and ͑2͒ allowing surface modes at the silicon-gold interface to bridge the hole without scattering. Note that both of these mechanisms apply, irrespective of whether surface modes are described as spoof surface-plasmon polaritons 12 or diffracted surface waves. [13] [14] [15] [16] As shown below, these two effects reduce the intensity in the diffracted modes on the silicon side of the grating.
We have carried out finite element method modeling with and without photoexcitation of our sample, approximating the photoexcited region as a 125 nm homogeneous layer below the holes. The intensity dependent changes in the dielectric function of this region are estimated from the incident excitation intensity using the Drude model according to Ref. 26 . Figure 3͑a͒ shows the time-averaged electric-field magnitude for = 346 m ͓corresponding to the ͑1,0͒ resonant transmission for the silicon-gold interface͔ with and without 0.1 J / m 2 , 3.1 eV excitation. The modeling clearly shows that photoexcitation of the silicon reduces the electric-field strength in the light gray regions near the holes on the far side of the array ͑i.e., the diffracted orders on the silicon side of the grating͒.
In Fig. 3͑b͒ , we show the modeled reflection and transmission spectra, with and without photoexcitation of the front interface. The wavelength of resonant transmission agrees well with experiment, though the magnitude and width of transmission peaks are significantly larger and smaller, respectively, in the modeled data. We expect several effects to reduce the measured transmitted intensity and increase measured linewidths: these include beam focusing, limited frequency resolution, finite illumination area of sample, and sample inhomogeneities. Moreover, due to the finite computational power available, the modeled spectra in Fig. 3͑b͒ are for reflection and transmission from the first interface of the sample only and, hence, do not take into account additional losses due to reflection from the second interface of the silicon wafer ͑around 30%͒. Thus, while we expect the model to capture the essential characteristics of the measurement, a quantitative comparison of transmission magnitudes is difficult. Nevertheless, the modeled results clearly reproduce the redshift and broadening of transmission observed in the experiment upon photoexcitation ͓see vertical dotted lines in Fig. 2͑b͔͒. Figure 3͑b͒ shows that the large transmission changes on photoexcitation of the front sample interface are predominantly due to changes in reflection, and the model also reproduces the very marked fluence dependence for this effect ͓dotted line in Fig. 2͑c͔͒ . Furthermore, due to the focusing effect described above, we expect the reduction in transmission of a THz plane wave to be even stronger, more closely matching the lines of the model. Though the photoexcitation intensities required to reduce the THz transmission of the hole array are considerable ͑ϳ0.1% of the damage threshold of silicon͒, they are significantly weaker than required to reduce THz transmission of a bare silicon surface ͑currently used as a photoactive switch for THz radiation 27 ͒: the solid line in Fig. 2͑c͒ represents the modeled transmission change for a photoexcited silicon surface, predominantly due to free-carrier absorption.
V. SWITCHING DYNAMICS
One of the main advantages that optical switching of transmission offers over thermal 20 and magnetic 21 switchings is fast switching times. In Fig. 4͑a͒ , we plot the transmission spectrum as a function of time after excitation with 1 J / m 2 , 1.5 eV photon pulses, measured and calculated according to Refs. 28 and 29: within one picosecond, resonant transmission is reduced by almost 2 orders of magnitude. The blue dotted line in Fig. 4͑b͒ represents a vertical cut of the data in Fig. 4͑a͒ at = 346 m: the decay is exponential characterized by a time constant of 280 fs. Also plotted is the transmission dynamics of a pure silicon wafer under the same excitation conditions ͑solid gray line͒, scaled to match the array data. The similarity between the two traces suggests that the transmission dynamics of the hole array is determined by the bulk cooling of photoelectrons in silicon. We also observe that excitation with higher energy photons ͑ϳ1 J/m 2 , 3.1 eV photon pulses͒ leads to slower dynamics ͑red dashed line͒, consistent with previous THz measurements of carrier cooling in bulk semiconductors. 30 Therefore, by using photon energies exactly matched to the band gap of the material, it should be possible to reduce the transmission on even faster time scales, essentially limited by the temporal width of the excitation pulse. It should be noted, however, that switching times for any optical switch are restricted by the recovery time of transmission. Since silicon is an indirect band-gap semiconductor, photoconductivity decay ͑and transmission recovery͒ will involve trapping and eventual recombination at impurity centers. At low temperature and low carrier densities, this can be a fairly efficient process, 31 and at 20 K and 0.1 J / m 2 excitation, we observe a subnanosecond recovery of transmission ͓see inset of Fig. 4͑b͔͒ . At room temperature, recovery times are significantly longer, extending to microseconds. Shorter recovery times at room temperature may be achieved by using a direct band-gap semiconductor. It should be noted that the switching times reported here are orders of magnitude faster than the ͑greater than milliseconds͒ switching times attainable for the thermal switching of semiconductor carrier densities 20 and alignment of liquid crystals 21 previously demonstrated for arrays.
VI. CONCLUSIONS
To conclude, we have demonstrated ultrafast optical switching and some degree of tunability in the transmission of a subwavelength metal hole array in the THz frequency range. By fabricating the grating on a semiconductor substrate, visible light can be used to modify the electron density in the semiconductor and thereby control the THz transmission of the grating. We experimentally observe a factor of 2-5 improvement at resonance wavelengths in photomodulation efficiency over a bare silicon surface. The fast switching in transmission has implications for time-resolved and high bandwidth applications. Moreover, by photoexciting with photon energies close to the direct band gap of silicon ͓3.2 eV ͑Ref. 25͔͒, transmission can be controlled with low light intensities.
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